Introduction
============

Prostate cancer is the second most common cancer in men worldwide, after lung cancer, with a contribution of \~10% fatalities to cancer-related death.[@b1-dddt-9-1511],[@b2-dddt-9-1511] Globally, 903,500 men were diagnosed with prostate cancer, including 648,400 new cases from developed countries with an estimated 258,400 deaths from this disease (including 136,500 deaths from the developed countries) in 2008.[@b3-dddt-9-1511] It is predicted that the number of new cases will almost double to 1.7 million by 2030. Incidence rates for prostate cancer are highest in Australia, New Zealand, Western and Northern Europe, and North America but lowest in Asia.[@b3-dddt-9-1511] Prostate cancer may be less common in developing countries, but its incidence and mortality have been on the rise. In 2010, 196,038 men were diagnosed with prostate cancer and 28,560 men died from prostate cancer in the US.[@b4-dddt-9-1511] About one in six men will be diagnosed with prostate cancer during their lifetime. In the UK, 40,975 men were diagnosed with prostate cancer in 2010 (accounting for 25% of all new cancer cases of men), and 10,793 men died from it (accounting for 13% of all cancer-caused death in males) in 2011.[@b5-dddt-9-1511] Over 98% of men with early prostate cancer survive for 10 years in the US because of use of screening test for early diagnosis and therapies including surgical, radiation, hormone, and chemotherapy.[@b3-dddt-9-1511] Androgen-deprivation therapy with antiandrogens remains the main treatment for late-stage prostate cancer, and can effectively suppress prostate cancer growth during the first 12--24 months.[@b6-dddt-9-1511],[@b7-dddt-9-1511] However, androgen-deprivation therapy eventually fails and tumors may relapse despite the absence of androgenic stimulation progressing into the castration-resistant (ie, hormone-refractory) stage, accounting for the failure of current therapies and the increase in prostate mortality.[@b6-dddt-9-1511] Although chemotherapy is not a standard treatment for early prostate cancer, many patients are still treated with anticancer drugs such as docetaxel, prednisone, cabazitaxel, mitoxantrone, estramustine, and doxorubicin. However, chemotherapy is often accompanied by tumor resistance and severe adverse reactions. Therefore, new anticancer drugs that can kill prostate cancer cells with improved efficacy and reduced side effects are certainly needed.

Curing prostate cancer requires a better understanding of distinct biological events at cellular and subcellular levels including cell survival, cell death, cell invasion, activation of oncogenes, loss of tumor suppressor genes, and disrupted signaling pathways. The resulting new knowledge will help identify new therapies and targets for prostate cancer treatment. Targeting programmed cell death has become a promising approach to fighting prostate cancer, which mainly includes modulation of apoptosis and autophagy. Both apoptosis and autophagy are often observed in prostate cancer,[@b8-dddt-9-1511] but the therapeutic and clinical implications are unclear. During apoptosis, the B-cell lymphoma 2 (Bcl-2) family-regulated intrinsic apoptosis is initiated by the release of cytochrome c from mitochondria into cytosol, which can promote the formation of the apoptotic complex in cytosol and subsequently activate the caspase cascade.[@b9-dddt-9-1511] Autophagy, the mammalian target of rapamycin (mTOR)-mediated cell death, involves a number of autophagy-related (Atg) proteins and other regulating molecules.[@b10-dddt-9-1511],[@b11-dddt-9-1511] Autophagy may inhibit or promote prostate cancer progression depending on the cell type and androgen receptor status.

The sirtuin family of proteins (Sirt1--7) encodes a group of evolutionarily conserved, class III, nicotinamide adenine dinucleotide (NAD^+^)-dependent histone deacetylases, involving many critical cellular processes including cell cycle regulation, cell differentiation, genomic stability, tumorigenesis, oxidative stress response, aging, and energy metabolism.[@b12-dddt-9-1511] Sirt1 deacetylates histones, p300, p53, forkhead box class O (FoxO) family members, and nuclear factor-κB (NF-κB), which regulate cellular stress response and cell survival.[@b12-dddt-9-1511] It also regulates peroxisome proliferator-activated receptor-γ, 5′-AMP-dependent kinase (AMPK), and mTOR that regulate cellular energy metabolism and autophagy.[@b12-dddt-9-1511] Sirt1 may play a critical role in prostate cancer cell survival and death through deacetylation of its target proteins and modulation of apoptosis and autophagy. Thus, Sirt1 may represent a new therapeutic target for prostate cancer.

Plumbagin (PLB, 5-hydroxy-2-methyl-1,4- naphthoquinone, [Figure 1A](#f1-dddt-9-1511){ref-type="fig"}) is an active naphthoquinone constituent that occurs in *Plumbago zeylanica* L, *Juglans regia*, *J. cinerea*, and *J. nigra*.[@b13-dddt-9-1511] A variety of pharmacological activities of PLB, including anti-inflammatory, neuroprotective, anticancer, hypolipidemic, antiatherosclerotic, antibacterial, and antifungal effects, have been reported in in vitro and in vivo models.[@b13-dddt-9-1511] The anticancer effects of PLB are mainly attributed to the induction of intracellular reactive oxygen species (ROS) generation, apoptosis, autophagy, and cell cycle arrest,[@b13-dddt-9-1511] although the underlying mechanisms are not fully understood. In vitro and in vivo studies by our laboratory and other groups have shown that PLB induced cancer cell apoptosis and autophagy via modulation of cellular redox status, inhibition of NF-κB activation, upregulation of p53 via c-Jun N-terminal kinase (JNK) phosphorylation, and inhibition of the phosphatidylinositide 3-kinase (PI3K)/protein kinase B (Akt)/mTOR pathway.[@b14-dddt-9-1511]--[@b21-dddt-9-1511] Several previous studies have found that PLB kills prostate cancer cells and inhibits prostate cancer growth in tumor-bearing nude mice via ROS-mediated apoptotic pathways.[@b22-dddt-9-1511]--[@b24-dddt-9-1511] Our recent quantitative proteomic study has shown that PLB upregulates and downregulates a number of functional proteins involved in cell cycle distribution, apoptosis, autophagy, and ROS generation.[@b25-dddt-9-1511] However, the molecular mechanisms for the anticancer effects of PLB on prostate cancer are not fully elucidated. In this study, we investigated the effects of PLB on the apoptosis and autophagy in human prostate cancer PC-3 and DU145 cells and the role of Sirt1- and PI3K/Akt/mTOR-mediated pathways.

Materials and methods
=====================

Chemicals and reagents
----------------------

4′,6-Diamidino-2-phenylindole (DAPI), 5-(and 6)-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate (CM-H~2~DCFDA), SB202190 (4-(4-fluorophenyl)-2-(4-hydroxyphenyl)-5-(4-pyridyl)1*H*-imidazole, a selective inhibitor of p38 mitogen-activated protein kinase \[MAPK\] used as an autophagy inducer), wortmannin (WM, a potent, irreversible, and selective PI3K inhibitor and a blocker of autophagosome formation), phenol red-free culture medium, and fetal bovine serum (FBS) were bought from Invitrogen Inc. (Carlsbad, CA, USA). Dulbecco's Modified Eagle's Medium (DMEM) and Roswell Park Memorial Institute (RPMI) 1640 medium were obtained from Corning Cellgro Inc. (Herndon, VA, USA). PLB, thiazolyl blue tetrazolium bromide (MTT), *N*-acetyl-L-cysteine (NAC, an ROS scavenger), apocynin (Apo, 4′-hydroxy-3′-methoxyacetophenone, an inhibitor of NADPH oxidase), 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), ethylenediaminetetraacetic acid (EDTA), and Dulbecco's phosphate buffered saline (PBS) were purchased from Sigma-Aldrich Co. (St Louis, MO, USA). Bafilomycin A1 (an autophagy inhibitor inhibiting fusion between autophagosomes and lysosomes) and chloroquine (an autophagy inhibitor inhibiting endosomal acidification) were purchased from Invivogen Inc. (San Diego, CA, USA). SRT1720 (SRT, a selective Sirt1 activator, *N*-(2-(3-(piperazin-1-ylmethyl)imidazo\[2,1-*b*\]thiazol-6-yl) phenyl)quinoxaline-2-carboxamide hydrochloride) and FK866 ((*E*)-*N*-(4-(1-benzoylpiperidin-4-yl)butyl)-3-(pyridin-3-yl) acrylamide, a highly specific noncompetitive inhibitor of pre-B cell colony-enhancing factor (PBEF)/visfatin were purchased from Selleckchem Inc. (Houston, TX, USA). Sirtinol (STL, a specific Sirt1 and Sirt2 inhibitor, (*E*)-2-((2-hydroxynaphthalen-1-yl)methyleneamino)-*N*-(1-phenylethyl)benzamide) was bought from BioVision Inc. (Milpitas, CA, USA). Rapamycin was from Enzo Life Sciences Inc. (Farmingdale, NY, USA). The annexinV:PE apoptosis detection kit was purchased from BD Pharmingen Biosciences Inc. (San Jose, CA, USA). The polyvinylidene difluoride (PVDF) membrane and methyl-2-cyano-3,12-dioxooleana-1,9(11)-dien-28-oate (NSC 713200, bardoxolone methyl or CDDO-Me, a nuclear factor erythroid 2-related factor \[Nrf2\] activator) were purchased from EMD Millipore Inc. (Bedford, MA, USA). Western blot substrate was obtained from Thermo Fisher Scientific Inc. (Hudson, NH, USA). Primary antibodies against human Sirt1, the p53 upregulated modulator of apoptosis (PUMA), Bcl-2-like protein 4/Bcl-2-associated X protein (Bax), B-cell lymphoma-extra-large (Bcl-xl), Bcl-2, cytochrome c, cleaved caspase 9, cleaved caspase 3, p38 MAPK, phosphorylated (p-) p38 MAPK at Thr180/Tyr182, AMPK, p-AMPK at Thr172, Akt, p-Akt at Ser473, mTOR, p-mTOR at Ser2448, PI3K, p-PI3K/p85 at Tyr458, phosphatase and tensin homolog (PTEN), beclin 1, microtubule-associated protein 1A/1B-light chain 3 (LC3-I), and LC3-II were all purchased from Cell Signaling Technology Inc. (Beverly, MA, USA). Z-VAD(OMe)-FMK (an irreversible pan-caspase inhibitor, methyl 5-fluoro-3-\[2-\[\[3-methyl-2-(phenylmethoxycarbonylamino)butanoyl\] amino\]propanoylamino\]-4-oxopentanoate) and the antibodies against human β-actin and PBEF/visfatin were obtained from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA).

Cell lines and cell culture
---------------------------

The prostate cancer cell lines PC-3 and DU145 were obtained from American Type Culture Collection (Manassas, VA, USA) and cultured in RPMI-1640 and DMEM medium containing [l]{.smallcaps}-glutamine, phenol red, [l]{.smallcaps}-cysteine, [l]{.smallcaps}-methionine, sodium bicarbonate, and sodium pyruvate supplemented with 10% heat-inactivated FBS. The cells were maintained at 37°C in a 5% CO~2~/95% air-humidified incubator. PLB was dissolved in dimethylsulfoxide (DMSO) at a stock concentration of 100 mM and was freshly diluted to the predetermined concentration with the culture medium. The final concentration of DMSO was at 0.05% (v/v). The control cells received the vehicle only. PC-3 cells have a high metastatic potential compared to DU145 cells and do not respond to androgens, glucocorticoids, or epidermal or fibroblast growth factors. DU145 cells are also not responsive to hormones. Both PC-3 and DU145 cells were chosen in this study because both cell lines share many biochemical similarities but with remarkable differences. They are reported to be androgen receptor (AR)-negative but a recent study has shown that both cell lines express ARs, but lower than in LNCaP, an AR-positive cell line.[@b26-dddt-9-1511] A recent study indicates that DU145 cells have no detectable autophagy upon autophagic stimulation with valproic acid, indicating a defect of autophagy in this cell line.[@b27-dddt-9-1511]

Cell viability assay
--------------------

The MTT assay was performed to examine the effect of PLB on cell viability. Briefly, PC-3 and DU145 cells were seeded into a 96-well culture plate at a density of 8,000 cells/well. After 24-hour incubation, the cells were treated with PLB at concentration ranging from 0.1 μM to 20 μM for 24 hours or 48 hours. Cell viability was determined by reduction of MTT. The absorbance was measured using a Synergy™ H4 Hybrid microplate reader (BioTek Inc., Winooski, VT, USA) at 450 nm wavelength. The IC~50~ values were determined using the relative viability over PLB concentration curve.

Quantification of cellular apoptosis using flow cytometry
---------------------------------------------------------

Annexin V is a 35 kDa Ca^2+^-dependent phospholipid-binding protein that has a high affinity for negatively charged phospholipid phosphatidylserine, and binds to cells that are actively undergoing apoptosis with exposed phospholipid phosphatidylserine. Apoptotic cells were quantitated using the annexinV:PE apoptosis detection kit after cells were treated with PLB at 0.1 μM, 1 μM, and 5 μM for 24 hours as described previously.[@b19-dddt-9-1511] In separate experiments, PC-3 and DU145 cells were treated with 5 μM PLB for 4 hours, 8 hours, 12 hours, 24 hours, and 48 hours. In order to investigate the mechanism for PLB-induced apoptosis, cells were pretreated with 20 μM Z-VAD(OMe)-FMK (a pan-caspase inhibitor), 10 μM WM (a PI3K inhibitor and autophagy blocker), 10 μM bafilomycin A1 (an autophagy inhibitor), 30 μM chloroquine (an autophagy inhibitor), 10 μM SB202190 (a selective inhibitor of p38 MAPK used as an autophagy inducer), 100 μM NAC (an ROS scavenger), 1 μM Apo (an NADPH oxidase inhibitor), 10 nM FK866 (a PBEF/visfatin inhibitor), 25 μM STL (an inhibitor of Sirt1), or 1 μM SRT (in inducer of Sirt1) for 1 hour, then treated with 5 μM PLB for a further 24 hours. Groups of cells treated with these compounds alone were also included. All compounds were dissolved in DMSO at a final concentration of 0.05% (v/v). Briefly, cells were trypsinized and washed twice with cold PBS. Then, the cells were resuspended in 1× binding buffer with 5 μL of annexin V:PE and 5 μL of 7-amino-actinomycin D (7-AAD, used as a nucleic acid dye) (1×10^5^ cells/mL) in a total volume of 100 μL. The cells were gently mixed and incubated in the dark for 15 minutes at room temperature. A quota of 1× binding buffer (400 μL) was then added to a clean test tube, and the number of apoptotic cells was quantified using a flow cytometer (Becton Dickinson Immunocytometry Systems, San Jose, CA, USA) within 1 hour. The flow cytometer collected 10,000 events. Cells that stain positive for annexin V:PE and negative for 7-AAD are undergoing apoptosis; cells that stain positive for both annexin V:PE and 7-AAD are either in the end stage of apoptosis, are undergoing necrosis, or are already dead; and cells that stain negative for both annexin V:PE and 7-AAD are alive and not undergoing measurable apoptosis.

Quantification of cellular autophagy
------------------------------------

For autophagy detection, each sample was washed by resuspending the cell pellet in 1× assay buffer (Enzo Life Sciences Inc., Farmingdale, NY, USA; No. ENZ-51031-K200) and cells were collected by centrifugation as described previously.[@b19-dddt-9-1511] After 24-hour incubation, the cells were treated with fresh medium alone, control vehicle alone (0.05% DMSO, v/v), or PLB (0.1 μM, 1 μM, and 5 μM) for 24 hours at 37°C. In separate experiments, PC-3 and DU145 cells were treated with 5 μM PLB for 4 hours, 8 hours, 12 hours, 24 hours, and 48 hours. To investigate the mechanisms for PLB-induced autophagy, cells were pretreated with 20 μM Z-VAD(OMe)-FMK, 10 μM WM, 10 μM bafilomycin A1, 30 μM chloroquine, 10 μM SB202190, 100 μM NAC, 1 μM Apo, 10 nM FK866, 25 μM STL, or 1 μM SRT for 1 hour, and then co-treated with 5 μM PLB for a further 24 hours. Groups of cells treated with these compounds alone were also included. All inducers and inhibitors were dissolved in DMSO at a final concentration of 0.05% (v/v). Rapamycin (0.5 μM) was included as a positive control. Cells were resuspended in 250 μL of phenol red-free culture medium containing 5% FBS, and 250 μL of the diluted Cyto-ID^®^ Green stain solution (Enzo Life Sciences Inc.; No ENZ-51031-K200) was added to each sample and mixed well. Cells were incubated for 30 minutes at 37°C in the dark, collected by centrifugation, washed with 1× assay buffer, and resuspended in 500 μL fresh 1× assay buffer. Cells were analyzed using the green (FL1) channel of a flow cytometer (Becton Dickinson Immunocytometry Systems). The flow cytometer collected 10,000 events. To explore the potential crosstalk between PLB-induced apoptosis and autophagy, we further determined the two modes of programmed cell death simultaneously.

Measurement of intracellular ROS levels
---------------------------------------

The intracellular level of ROS was measured using CM-H~2~DCFDA according to the manufacturer's instruction. The nonfluorescent substrate CM-H~2~DCFDA can passively diffuse into prostate cancer cells and be retained in the cells after cleavage by intracellular esterases. Upon oxidation by ROS, CM-H~2~DCFDA is converted to the CM-DCF, which is highly fluorescent. Briefly, cells were seeded into a 96-well plate at a density of 1×10^4^ cells/well. After 24-hour treatment with PLB at predetermined concentrations, the cells were incubated with CM-H~2~DCFDA at 5 μM in PBS for a further 30 minutes. In separate experiments, the intracellular ROS level was measured when PC-3 and DU145 cells were treated with 5 μM PLB for 4 hours, 8 hours, 12 hours, 24 hours, 48 hours, and 72 hours. In addition, the effect of Apo on PLB-induced ROS generation was examined. Cells were pretreated with 0.1 μM Apo for 1 hour with or without addition of 5 μM PLB followed by further incubation for 24 hours. The fluorescence intensity was detected at wavelength 485 nm (excitation) and 530 nm (emission).

Western blotting analysis
-------------------------

The levels of various cellular proteins were determined using Western blotting assays as described previously.[@b19-dddt-9-1511] PC-3 and DU145 cells were washed with PBS after 24-hour treatment with PLB, lysed with the radioimmunoprecipitation assay (RIPA) buffer (50 mM HEPES at pH 7.5, 150 mM NaCl, 10% glycerol, 1.5 mM MgCl~2~, 1% Triton-X 100, 1 mM EDTA at pH 8.0, 10 mM sodium pyrophosphate, and 10 mM sodium fluoride) containing the protease inhibitor and phosphatase inhibitor cocktails. Protein concentrations were measured by Pierce™ bicinchoninic acid protein assay kit (Thermo Scientific Inc.). Equal amounts of the protein samples were electrophoresed on 7%--12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) mini-gel after thermal denaturation for 5 minutes at 95°C. Proteins were transferred onto Immobilon PVDF membrane at 100 V for 2 hours at 4°C. Membranes were probed with the indicated primary antibody overnight at 4°C and then blotted with respective secondary antibody. Visualization was performed using a Bio-Rad ChemiDoc™ XRS system (Hercules, CA, USA) with enhanced chemiluminescence substrate, and the blots were analyzed using Image Lab 3.0 (Bio-Rad Inc.). The protein level was normalized to the matching densitometric value of internal control.

Confocal fluorescence microscopy
--------------------------------

The cellular autophagy level was examined using the Cyto-ID^®^ autophagy detection kit according to the manufacturer's instructions. Briefly, PC-3 and DU145 cells were seeded into an eight-well chamber slide at 30% confluence. The cells were treated with PLB at 0.1 μM, 1 μM, and 5 μM for 24 hours. In some experiments, cells were pretreated with SRT or STL for 1 hour, and then 5 μM of PLB was added. After incubation for a further 24 hours, cells reached \~60% of confluence and were washed by 1× assay buffer, followed by incubation with 100 μL of microscopy dual detection reagent for 30 minutes at 37°C in the dark. After the incubation, the cells were washed by 1× assay buffer to remove the detection reagent, and then the cells were examined using a Leica TCS SP2 laser scanning confocal microscope (Wetzlar, Germany) using a standard fluorescein isothiocyanate filter set for imaging the autophagic signal at 405/488 nm wavelengths.

Statistical analysis
--------------------

Data are presented as the mean ± standard deviation (SD) of the mean. Multiple comparisons were evaluated by one-way analysis of variance (ANOVA) followed by Tukey's multiple comparison. A value of *P*\<0.05 was considered statistically significant.

Results
=======

PLB induces apoptosis of PC-3 and DU145 cells via activation of mitochondria-dependent pathway
----------------------------------------------------------------------------------------------

First, we tested the cytotoxicity of PLB in PC-3 and DU145 cells using MTT assays. Both cell lines were incubated with PLB at concentrations ranging from 0.1 μM to 20 μM for 24 hours and 48 hours. The cellular viability of PC-3 cells was 86.1%--45.0% and 92.6%--44.1%, respectively, and that of DU145 cells was 90.3%--9.3% and 72.6%--1.6%, respectively ([Figure 1B](#f1-dddt-9-1511){ref-type="fig"}). The IC~50~ values were 15.9 μM and 13.6 μM for PC-3 cells after 24-hour and 48-hour incubation with PLB, respectively. For DU145 cells, the IC~50~ values were 6.9 μM and 4.8 μM after 24-hour and 48-hour treatment of PLB, respectively ([Figure 1B](#f1-dddt-9-1511){ref-type="fig"}).

To further examine the anticancer effect of PLB in PC-3 and DU145 cells, the effect of PLB on cellular apoptosis was quantified by flow cytometric analysis. In order to examine the apoptosis-inducing effect of PLB in PC-3 and DU145 cells, the number of apoptotic cells was first quantified, and the results are shown in [Figures 2A](#f2-dddt-9-1511){ref-type="fig"}, [2B](#f2-dddt-9-1511){ref-type="fig"}, and [3A](#f3-dddt-9-1511){ref-type="fig"}. The number of apoptotic cells at basal level was 4%--5%, and the number of apoptotic cells was 4%--6% in PC-3 cells treated with the control vehicle only (0.05% DMSO, v/v). While PC-3 cells were treated with PLB at 0.1 μM, 1 μM, and 5 μM for 24 hours, the total percentage of apoptotic cells (early + late apoptosis) was 7.9%, 8.2%, and 9.0%, respectively. There was a twofold increase when treated with 5 μM PLB, compared to the control cells (*P*\<0.05; [Figure 2A and B](#f2-dddt-9-1511){ref-type="fig"}). In DU145 cells, the number of apoptotic cells was 2%--3% at basal level and 2%--3% in cells treated with the control vehicle only (0.05% DMSO, v/v). When DU145 cells were treated with PLB at 5 μM for 24 hours, the total percentage of apoptotic cells were increased 1.6-fold compared to the control cells (*P*\<0.05; [Figures 2A](#f2-dddt-9-1511){ref-type="fig"}, [2B](#f2-dddt-9-1511){ref-type="fig"} and [3A](#f3-dddt-9-1511){ref-type="fig"}). In addition, the effect of PLB on the apoptosis of PC-3 and DU145 cells was examined when the cells were treated for 4--48 hours. Incubation of PC-3 and DU145 cells with 5 μM PLB time-dependently increased the number of apoptotic cells. In PC-3 cells, the apoptotic percentage increased from 5.8% at basal level (zero time) to 6.3%, 6.5%, 10.0%, and 24.8% with the treatment of 5 μM PLB for 8 hours, 12 hours, 24 hours, and 48 hours, respectively (*P*\<0.05; [Figures 2C](#f2-dddt-9-1511){ref-type="fig"}, [2D](#f2-dddt-9-1511){ref-type="fig"} and [3B](#f3-dddt-9-1511){ref-type="fig"}). In DU145 cells, the apoptotic percentage increased from 4.8% at basal level to 11.2%, 10.0%, and 69.2% with the treatment of 5 μM PLB for 4 hours, 12 hours, and 24 hours, respectively (*P*\<0.05; [Figures 2C](#f2-dddt-9-1511){ref-type="fig"}, [2D](#f2-dddt-9-1511){ref-type="fig"} and [3B](#f3-dddt-9-1511){ref-type="fig"}). The percentage of apoptotic cells declined to 13.0% when DU145 cells were treated with 5 μM PLB for 48 hours. Taken together, the results clearly showed that PLB remarkably induced apoptotic cell death of both PC-3 and DU145 cells.

In order to elucidate the mechanism for the pro-apoptotic effect of PLB on PC-3 and DU145 cells, we first examined the effects of PLB treatment on the expression levels of the pro-apoptotic protein Bax and the anti-apoptotic proteins Bcl-2 and Bcl-xl ([Figure 2E and F](#f2-dddt-9-1511){ref-type="fig"}). In the mitochondria/cytochrome c-mediated apoptotic pathway, various stimuli converge at the mitochondria and activate one or more members of the BH3-only protein family, which are tightly regulated by Bcl-2 family members.[@b9-dddt-9-1511] This will promote the assembly of Bcl-2-antagonist/killer-1 (Bak) and Bax oligomers within mitochondrial outer membranes, leading to cytochrome c release to cytosol, which in turn induces the apoptotic protease-activating factor-1 to generate apoptosome and activates caspase 9 and subsequently activates the downstream caspases 2, 3, 6--8, and 10.[@b9-dddt-9-1511],[@b28-dddt-9-1511] PC-3 and DU145 cells were treated with PLB at 0.1 μM, 1 μM, and 5 μM for 24 hours. The expression level of Bax was concentration-dependently increased in two cell lines (*P*\<0.05; [Figure 2E and F](#f2-dddt-9-1511){ref-type="fig"}). Incubation of PC-3 cells with 5 μM PLB significantly increased the Bax expression (1.5-fold), and treatment of DU145 cells with 1 μM and 5 μM of PLB for 24 hours resulted in a remarkable increase in the expression of Bax (2.2- and 2.6-fold, respectively). In contrast, the expression level of Bcl-2 decreased by 34.7% and 47.6% in PC-3 cells and 36.8% and 45.7% in DU145 cells when treated with PLB at 1 μM and 5 μM, respectively ([Figure 2E and F](#f2-dddt-9-1511){ref-type="fig"}). A significant increase in the expression level of Bax and reduction of Bcl-2 resulted in a significant decrease in the Bcl-2/Bax ratio in both cell lines with a 42.4%, 51.9%, and 63.7% reduction in PC-3 cells and 21.2%, 70.5%, and 80.9% reduction in DU145 cells when treated with PLB at 0.1 μM, 1 μM, and 5 μM for 24 hours, respectively (*P*\<0.01; [Figure 2E and F](#f2-dddt-9-1511){ref-type="fig"}). In addition, the expression level of Bcl-xl was suppressed after treatment of PLB at 0.1 μM, 1 μM, and 5 μM in both cell lines in a concentration-dependent manner. Compared to the control cells, the expression level of Bcl-xl was reduced by 21.5%, 44.1%, and 49.7% in PC-3 cells and 15.6%, 35.0%, and 49.3% in DU145 cells when treated with PLB at 0.1 μM, 1 μM, and 5 μM for 24 hours, respectively. Moreover, the effect of PLB on the expression of PUMA was also examined due to its important role in the regulation of anti-apoptotic proteins. Incubation of PC-3 and DU145 cells with PLB increased the expression level of PUMA in a concentration-dependent manner. Treatment of 5 μM PLB for 24 hours significantly increased the expression level of PUMA 1.9-fold in both cell lines ([Figure 2E and F](#f2-dddt-9-1511){ref-type="fig"}).

Besides, the effect of PLB treatment on the mitochondria-related apoptotic pathway was further examined in PC-3 and DU145 cells. The release of cytochrome c from mitochondria to cytosol initiates the caspase-dependent apoptotic cascade.[@b9-dddt-9-1511] The release of cytochrome c from the mitochondrial intermembrane space is the early event during apoptotic cell death.[@b29-dddt-9-1511] Upon apoptotic stimulation, cytochrome c released from mitochondria associates with procaspase 9/Apaf 1 to form a complex that processes caspase 9 from inactive proenzyme to its active form, eventually triggering caspase 3 activation and apoptosis.[@b29-dddt-9-1511] As such, we evaluated the effect of PLB treatment on the release of cytochrome c in both PC-3 and DU145 cells. Treatment of PC-3 and DU145 cells with PLB for 24 hours significantly increased the release of cytochrome c from mitochondria in a concentration-dependent manner ([Figure 2E and F](#f2-dddt-9-1511){ref-type="fig"}). Subsequently, we observed a significant increase in the activation of caspases 9 and 3. Compared to the control cells, treatment of PC-3 and DU145 cells with PLB at 0.1 μM, 1 μM, and 5 μM for 24 hours significantly increased the level of cleaved caspases 9 and 3 ([Figure 2E and F](#f2-dddt-9-1511){ref-type="fig"}). These results indicated that PLB induced remarkable activation of caspases 9 and 3 and eventually led to apoptotic death of both PC-3 and DU145 cells.

PLB induces autophagy in both PC-3 and DU145 cells via inhibition of the PI3K/Akt/mTOR axis
-------------------------------------------------------------------------------------------

Since we observed PLB-induced apoptosis in PC-3 and DU145 cells, we next examined the effect of PLB on the autophagy of PC-3 and DU145 cells using flow cytometric analysis and confocal microscopy. The percentage of autophagic cells at basal level was 5.2% and 2.0% for PC-3 and DU145 cells, respectively ([Figure 4A and B](#f4-dddt-9-1511){ref-type="fig"}). Rapamycin significantly induced the autophagy of PC-3 cells. Incubation of PC-3 and DU145 cells with PLB for 24 hours significantly increased the percentage of autophagic cells. In PC-3 cells, there was a 2.2-fold increase in the percentage of autophagic cells when treated with 5 μM PLB for 24 hours compared to the control cells (4.6% vs 10.0%; *P*\<0.05; [Figure 4A and B](#f4-dddt-9-1511){ref-type="fig"}). In addition, treatment of DU145 cells with 5 μM PLB for 24 hours resulted in a 6.8-fold increase in the percentage of autophagic cells (1.5% vs 10.4%; *P*\<0.001; [Figure 4C and D](#f4-dddt-9-1511){ref-type="fig"}). Treatment of PC-3 and DU145 cells with 0.1 μM and 1 μM PLB for 24 hours only slightly increased the autophagic death.

In separate experiments, the effect of PLB on the autophagy of PC-3 and DU145 cells was examined when cells were treated for 4--48 hours. Treatment of PC-3 and DU145 cells with 5 μM PLB induced marked autophagy ([Figure 4C and D](#f4-dddt-9-1511){ref-type="fig"}). In PC-3 cells, the percentage of autophagic cells was increased from 1.4% at basal level (zero time) to 1.6%, 1.6%, 5.3%, 10.6%, and 24.3% when the cells were treated for 4 hours, 8 hours, 12 hours, 24 hours, and 48 hours, respectively (*P*\<0.05; [Figure 4C and D](#f4-dddt-9-1511){ref-type="fig"}). Treatment of DU145 cells with 5 μM PLB increased the percentage of autophagic cells from 3.4% at basal level (zero time) to 6.0%, 6.3%, 7.1%, and 31.1% when the cells were treated for 4 hours, 8 hours, 12 hours, and 24 hours, respectively; while the percentage of autophagic cells dropped down to the basal level (4.6%) after a 48-hour treatment of 5 μM PLB ([Figure 4C and D](#f4-dddt-9-1511){ref-type="fig"}).

We further confirmed the autophagy-inducing effects of PLB on PC-3 and DU145 cells using confocal microscopic examination. In comparison to the control cells, PLB treatment caused a significant increase in the autophagy in a concentration-dependent manner in PC-3 and DU145 cells ([Figure 4E, F and G](#f4-dddt-9-1511){ref-type="fig"}). There was a 3.7- and 5.2-fold increase in the autophagic death of PC-3 cells when treated with PLB at 1 μM and 5 μM for 24 hours, respectively (*P*\<0.001; [Figure 4E, F and G](#f4-dddt-9-1511){ref-type="fig"}). In DU145 cells, there was a 39.2% increase in autophagy when treated with 5 μM PLB (*P*\<0.01; [Figure 4E, F and G](#f4-dddt-9-1511){ref-type="fig"}). A lower concentration of PLB (0.1 μM) did not significantly affect the autophagy in PC-3 and DU145 cells. In separate experiments, the autophagy-inducing effects of PLB on PC-3 and DU145 cells over 48 hours were examined. There was a time-dependent increase in autophagy when PC-3 cells were treated with 5 μM PLB. Compared to the control cells, treatment with 5 μM PLB resulted in 4.5- and 8.1-fold increase in the autophagic death of PC-3 cells after 24-hour and 48-hour incubation, respectively (*P*\<0.01; [Figure 4E, F and G](#f4-dddt-9-1511){ref-type="fig"}). In DU145 cells, treatment with 5 μM PLB significantly increased the autophagy over 48 hours ([Figure 4E, F and G](#f4-dddt-9-1511){ref-type="fig"}). These results demonstrate that PLB induces autophagy in both PC-3 and DU145 cells. Both PC-3 and DU145 cells are largely sensitive to high concentrations of PLB.

Next, we investigated the mechanisms for the autophagy-inducing effect of PLB in PC-3 and DU145 cells. First we examined the phosphorylation levels of PI3K at Tyr199, AMPK at Thr172, and p38 MAPK at Thr180/Tyr182 that are upstream signaling molecules of Akt/mTOR pathway and play an important role in the regulation of cell proliferation and death.[@b10-dddt-9-1511],[@b11-dddt-9-1511] PI3K catalyzes the formation of phosphatidylinositol-3,4,5-triphosphate via phosphorylation of phosphatidylinositol, phosphatidylinositol-4-phosphate, and phosphatidylinositol-4,5-bisphosphate.[@b30-dddt-9-1511] Growth factors and hormones trigger this phosphorylation event, which in turn coordinates cell growth, cell cycle, cell migration, and cell survival. In this study, PLB significantly inhibited the phosphorylation of PI3K at Tyr199 in both cell lines in a concentration-dependent manner compared to the control cells ([Figure 5A and B](#f5-dddt-9-1511){ref-type="fig"}). Exposure of PC-3 cells to 5 μM PLB for 24 hours decreased the phosphorylation level of PI3K at Tyr199 by 38.2% (*P*\<0.05; [Figure 5A and B](#f5-dddt-9-1511){ref-type="fig"}). Treatment of DU145 cells with 5 μM PLB for 24 hours reduced the phosphorylation level of PI3K at Tyr199 by 16.0% (*P*\<0.01; [Figure 5A and B](#f5-dddt-9-1511){ref-type="fig"}). However, incubation of both cell lines with PLB did not significantly affect the expression of total PI3K. The ratio of p-PI3K over total PI3K was concentration-dependently decreased by PLB in both cell lines compared to the control cells. In PC-3 cells, the p-PI3K/PI3K ratio decreased from 2.3 at basal level to 2.0, 1.7, and 1.5, when PC-3 cells were treated with PLB at 0.1 μM, 1 μM, and 5 μM, respectively (*P*\<0.05 or 0.01; [Figure 5A and B](#f5-dddt-9-1511){ref-type="fig"}). In DU145 cells, treatment with 5 μM PLB decreased the ratio of p-PI3K/PI3K by 27.1% compared to the control cells (2.0 vs 2.7) (*P*\<0.05; [Figure 5A and B](#f5-dddt-9-1511){ref-type="fig"}).

AMPK is highly conserved from yeast to plants and animals and plays a key role in the regulation of energy homeostasis, cell survival, and cell death.[@b31-dddt-9-1511] AMPK is a heterotrimeric complex composed of a catalytic α subunit and regulatory β and γ subunits. The kinase is activated by an elevated AMP/ATP ratio due to cellular and environmental stress, such as heat shock, hypoxia, and ischemia. The tumor suppressor liver kinase B1, in association with accessory proteins STE20-related adaptor protein and calcium-binding protein 39, phosphorylates AMPK at Thr172 in the activation loop, and this phosphorylation is required for AMPK activation.[@b31-dddt-9-1511] Under glucose starvation, AMPK promotes autophagy by directly activating Unc-51-like kinase 1 (ULK1, a homologue of yeast Atg1) through the phosphorylation of Ser317 and Ser777.[@b32-dddt-9-1511] Under nutrient sufficiency, high mTOR activity prevents ULK1 activation by phosphorylating ULK1 Ser757 and disrupting the interaction between ULK1 and AMPK.[@b32-dddt-9-1511] PLB exhibited a promoting effect on the phosphorylation of AMPK at Thr172 in both cell lines ([Figure 5A and B](#f5-dddt-9-1511){ref-type="fig"}). Incubation of PC-3 cells with PLB for 24 hours activated the phosphorylation of AMPK at Thr172 in a concentration-dependent manner. In comparison to the control cells, there was a 1.9-fold increase in the phosphorylation level of AMPK at Thr172 in PC-3 cells when treated with PLB at 1 μM and 5 μM for 24 hours (*P*\<0.05 or 0.01; [Figure 5A and B](#f5-dddt-9-1511){ref-type="fig"}). However, there was no significant change in the expression of total AMPK compared to the control cells. Exposure of DU145 cells to 0.1 μM PLB increased the phosphorylation level of AMPK at Thr172 by 1.3-fold (*P*\<0.05; [Figure 5A and B](#f5-dddt-9-1511){ref-type="fig"}). In comparison to the control cells, treatment of DU145 cells with 1 μM and 5 μM PLB resulted in a 45.4% and 47.1% decrease in the expression level of AMPK, respectively (*P*\<0.05; [Figure 5A and B](#f5-dddt-9-1511){ref-type="fig"}). Of note, with increasing concentration of PLB, an increased ratio of p-AMPK/AMPK was observed in both cell lines. In PC-3 cells, the p-AMPK/AMPK ratio increased from 1.5 at basal level to 2.0, 3.2, and 4.0 when treated with PLB at 0.1 μM, 1 μM, and 5 μM, respectively (*P*\<0.05 or 0.01; [Figure 5A and B](#f5-dddt-9-1511){ref-type="fig"}). Similarly, treatment of DU145 cells with 0.1 μM, 1 μM, and 5 μM PLB resulted in an increase in the ratio of p-AMPK/AMPK from 1.9 at basal level to 2.1, 3.7, and 4.8, respectively (*P*\<0.05; [Figure 5A and B](#f5-dddt-9-1511){ref-type="fig"}).

p38 MAPK regulates cellular responses to cytokines and stress, and thus controls cell differentiation, cell death, cell migration, and invasion.[@b33-dddt-9-1511] It includes four isoforms, namely, p38α, β, γ, and δ. Similar to the stress-activated protein kinase (SAPK)/JNK pathway, p38 MAPK is activated by a variety of cellular stresses including osmotic shock, inflammatory cytokines, lipopolysaccharide, UV light, and growth factors. MAP kinase kinase 3 (MKK3), MKK6, and MKK4 activate p38 MAPK by phosphorylation at Thr180 and Tyr182. Activated p38 MAPK can phosphorylate MAP kinase-activated protein kinase 2, several transcription factors including activating transcription factor, Myc-associated factor X, and myocyte enhancer factor-2, and induce the expression of a number of target genes.[@b33-dddt-9-1511] p38 MAPK plays a dual role as a regulator of cell death, and it can either mediate cell survival or cell death depending not only on the type of stimulus but also in a cell-type-specific manner.[@b34-dddt-9-1511] In contrast to the promoting effects on AMPK phosphorylation at Thr172 by PLB exposure, we observed an inhibitory effect of PLB on the activation of p38 MAPK at Thr180/Tyr182 in both PC-3 and DU145 cells ([Figure 5A and B](#f5-dddt-9-1511){ref-type="fig"}). In PC-3 cells, there was a concentration-dependent inhibition in the phosphorylation of p38 MAPK at Thr180/Tyr182. In comparison to the control cells, there was a 34.4% and 44.7% reduction in the phosphorylation of p38 MAPK at Thr180/Tyr182 in PC-3 cells treated with 1 μM and 5 μM of PLB for 24 hours, respectively (*P*\<0.05; [Figure 5A and B](#f5-dddt-9-1511){ref-type="fig"}). In DU145 cells, a concentration-dependent inhibition of p38 MAPK phosphorylation at Thr180/Tyr182 was also observed with a 27.4% and 24.4% reduction when treated with 1 μM and 5 μM PLB for 24 hours, respectively (*P*\<0.05; [Figure 5A and B](#f5-dddt-9-1511){ref-type="fig"}). Exposure of both cell lines to PLB only slightly increased the expression level of total p38 MAPK. Notably, a decreased ratio of p-p38 MAPK/p38 MAPK was observed in both cell lines with increasing concentration of PLB. In comparison to the control cells, the ratio of p-p38 MAPK/p38 MAPK was decreased from 2.4 at basal level to 1.9, 1.7, and 1.3, when PC-3 cells were treated with PLB at 0.1 μM, 1 μM, and 5 μM, respectively (*P*\<0.05; [Figure 5A and B](#f5-dddt-9-1511){ref-type="fig"}). Incubation of DU145 cells with PLB at 0.1 μM, 1 μM, and 5 μM resulted in a decrease in the ratio of p-p38 MAPK/p38 MAPK from 4.0 at basal level to 3.0, 1.9, and 1.7, respectively (*P*\<0.05; [Figure 5A and B](#f5-dddt-9-1511){ref-type="fig"}). These findings demonstrated that PLB inhibited the phosphorylation of PI3K Tyr199 and p38 MAPK Thr180/Tyr182 but enhanced the phosphorylation of AMPK Thr172 in PC-3 and DU145 cells, contributing to the increase in autophagy flux.

We further examined the regulatory effect of PLB on the phosphorylation of Akt at Ser473 and mTOR at Ser2448 and the expression of PTEN in PC-3 and DU145 cells ([Figure 5A and B](#f5-dddt-9-1511){ref-type="fig"}). Akt is involved in the regulation of various signaling downstream pathways including metabolism, cell proliferation, survival, growth, and angiogenesis.[@b35-dddt-9-1511] As a downstream effector of PI3K, Akt can activate mTOR, while mTORC2 phosphorylates Akt at Ser473 and stimulates Akt phosphorylation at Thr308 by 3-phosphoinositide dependent protein kinase-1 leading to full Akt activation.[@b35-dddt-9-1511] mTOR plays a key role in cell growth, autophagic cell death, and homeostasis.[@b36-dddt-9-1511] mTOR is phosphorylated at Ser2448 via the PI3K/Akt signaling pathway and autophosphorylated at Ser2481.[@b36-dddt-9-1511] mTOR inhibition promotes dissociation of mTOR from the complex of Atg13 with ULK1 and ULK2. This releases ULK1/2 to activate focal adhesion kinase-interacting protein of 200 kDa, a protein critical for autophagosome formation and autophagy initiation.[@b36-dddt-9-1511] *PTEN*, a dual-specificity phosphatase and tumor suppressor gene, inhibits Akt/mTOR and MAPK signaling, leading to cell death and growth regulation.[@b37-dddt-9-1511] In comparison to the control cells, the phosphorylation level of Akt at Ser473 was decreased by 25.2%, 29.2%, and 40.1% in PC-3 cells with the treatment of PLB at 0.1 μM, 1 μM, and 5 μM for 24 hours, respectively (*P*\<0.01; [Figure 5A and B](#f5-dddt-9-1511){ref-type="fig"}). Similarly, there was a 36.0%, 33.7%, and 42.4% reduction in the phosphorylation level of Akt at Ser473 observed in PLB-treated DU145 cells compared to the control cells (*P*\<0.001; [Figure 5A and B](#f5-dddt-9-1511){ref-type="fig"}). However, there was no significant alteration in the expression of Akt in both cell lines, except for a decrease in the expression level of Akt in PC-3 cells treated with 0.1 μM PLB for 24 hours (*P*\<0.05; [Figure 5A and B](#f5-dddt-9-1511){ref-type="fig"}). However, the ratio of p-Akt/Akt was significantly decreased in both cell lines treated with PLB. In PC-3 cells, the ratio of p-Akt/Akt decreased from 1.8 at basal level to 1.5, 1.3, and 0.7 when cells were treated with PLB at 0.1 μM, 1 μM, and 5 μM for 24 hours, respectively. In DU145 cells, the ratio of p-Akt/Akt decreased from 3.0 to 1.6, 1.3, and 1.3 with the treatment of PLB at 0.1 μM, 1 μM, and 5 μM, respectively ([Figure 5A and B](#f5-dddt-9-1511){ref-type="fig"}).

In addition, the expression level of PTEN, which is the negative regulator of PI3K/Akt signaling pathway, was significantly increased when PC-3 and DU145 cells were treated with 5 μM PLB for 24 hours (*P*\<0.01; [Figure 5A and B](#f5-dddt-9-1511){ref-type="fig"}). Exposure of PC-3 cells to 5 μM PLB resulted in a 36.0% decrease in the phosphorylation level of mTOR at Ser2448 (*P*\<0.05; [Figure 5A and B](#f5-dddt-9-1511){ref-type="fig"}). Treatment of PC-3 cells with 0.1 μM and 1 μM PLB for 24 hours reduced mTOR phosphorylation by 22.2% and 27.1%, respectively, but did not achieve statistical significance. In DU145 cells, there was a 15.5%, 22.4%, and 20.4% reduction in the phosphorylation level of mTOR at Ser2448 when treated with 0.1 μM, 1 μM, and 5 μM PLB for 24 hours, respectively (*P*\<0.001; [Figure 5A and B](#f5-dddt-9-1511){ref-type="fig"}). There was no significant change in the expression of total mTOR in both cell lines when treated with PLB for 24 hours. However, a decreased ratio of p-mTOR/mTOR was observed in both cell lines when treated with increasing concentrations of PLB. In PC-3 cells, the ratio of p-mTOR/mTOR decreased from 1.9 at basal level to 1.7, 1.5, and 1.3 when treated with 0.1 μM, 1 μM, and 5 μM PLB, respectively (*P*\<0.05 or 0.001; [Figure 5A and B](#f5-dddt-9-1511){ref-type="fig"}). In DU145 cells, the ratio of p-mTOR/mTOR decreased from 2.7 at basal level to 0.8, 0.8, and 0.7 with treatment of PLB at 0.1 μM, 1 μM, and 5 μM, respectively (*P*\<0.05 or 0.01; [Figure 5A and B](#f5-dddt-9-1511){ref-type="fig"}).

Next, we examined the effect of PLB on the expression level of beclin 1 and LC3-I/II. Autophagy is tightly regulated by beclin 1 (a mammalian homologue of yeast Atg6), which forms a complex with vacuolar protein sorting 34 (Vps34, also called class III PI3K), and serves as a platform for recruitment of other Atgs that are critical for autophagosome formation.[@b38-dddt-9-1511],[@b39-dddt-9-1511] Upon autophagy initiation, LC3 is cleaved at the C-terminus by Atg4 to form the cytosolic LC3-I.[@b40-dddt-9-1511] LC3-I is consequently proteolytically cleaved and lipidated by Atg3 and Atg7 to form LC3-II, which localizes to the autophagosome membrane. Treatment of PC-3 and DU145 cells with PLB for 24 hours significantly increased the expression of beclin 1 ([Figure 5A and B](#f5-dddt-9-1511){ref-type="fig"}). There was a 1.8-fold increase of beclin 1 in both cell lines treated with 5 μM PLB for 24 hours (*P*\<0.05; [Figure 5A and B](#f5-dddt-9-1511){ref-type="fig"}). Besides, a significant increase in the expression of beclin 1 was observed in PC-3 cells treated with 1 μM PLB for 24 hours.

After 24-hour treatment with PLB, our Western blotting analysis revealed two clear bands of LC3-I and II in PC-3 and DU145 cells ([Figure 5A](#f5-dddt-9-1511){ref-type="fig"}). LC3-II migrated faster than LC3-I on SDS-PAGE, leading to the appearance of two bands after immunoblotting -- LC3-I with an apparent mobility of about 18 kDa and LC3-II with an apparent mobility of 16 kDa. In both PC-3 and DU145 cells, there was a concentration-dependent increase in the expression of LC3-II ([Figure 5A and B](#f5-dddt-9-1511){ref-type="fig"}). Compared to the control cells, there was a 1.6-fold and 1.7-fold increase in the LC3-II level in PC-3 cells treated with PLB at 1 μM and 5 μM for 24 hours, respectively. In DU145 cells, 5 μM PLB resulted in a 3.6-fold increase in the expression of LC3-II. In addition, treatment of PC-3 and DU145 cells with PLB decreased the expression of LC3-I, although it was not significantly different. In addition, the ratio of LC3-II to LC3-I remarkably increased 2.7- and 2.8-fold in both cell lines with treatment of PLB at 1 μM and 5 μM, respectively. These findings indicated that PLB exhibited a strong autophagy-inducing effect on PC-3 and DU145 cells via inhibition of the PI3K/Akt/mTOR pathway.

PLB-induced apoptosis and autophagy interact at multiple levels in PC-3 and DU145 cells
---------------------------------------------------------------------------------------

To further examine the crosstalk between apoptosis and autophagy in PC-3 and DU145 cells treated with PLB, we simultaneously determined cellular apoptosis and autophagy using a flow cytometer. As shown in [Figure 6A, B, and C](#f6-dddt-9-1511){ref-type="fig"}, the percentage of basal apoptosis and autophagy in both PC-3 and DU145 cells ranged from 2.8% to 4.7%. Incubation of PC-3 cells with PLB induced both apoptosis and autophagy. In DU145 cells, PLB exhibited a predominant effect on autophagy induction. The ratio of autophagy over apoptosis in PC-3 cells treated with PLB was slightly higher than that in the control cells. The sum of apoptosis plus autophagy increased from 9.9% at basal level to 17.0%, 16.9%, and 19.0% when PC-3 cells were treated with 0.1 μM, 1 μM, and 5 μM PLB, respectively. In DU145 cells, 5 μM PLB increased the ratio of autophagy over apoptosis 2.4-fold (*P*\<0.05). The sum of apoptosis plus autophagy increased from 4.9% at basal level to 4.5%, 5.5%, and 14.7% when DU145 cells were treated with 0.1 μM, 1 μM, and 5 μM PLB for 24 hours, respectively ([Figure 6A and B](#f6-dddt-9-1511){ref-type="fig"}). In addition, when the cells were treated with 5 μM for 12 hours, 24 hours, and 48 hours, the sum of apoptosis plus autophagy increased from 9.6% at basal level to 11.8%, 20.6%, and 49.2% in PC-3 cells ([Figure 7](#f7-dddt-9-1511){ref-type="fig"}). In DU145 cells, the value increased from 13.1% at basal level to 17.2%, 14.8%, 17.1%, and 17.6% when cells were treated for 4 hours, 8 hours, 12 hours, and 48 hours, respectively ([Figure 7](#f7-dddt-9-1511){ref-type="fig"}). The ratio of autophagy over apoptosis increased 2.5-, 3.5-, and 3.5-fold when PC-3 cells were treated with 5 μM PLB for 12 hours, 24 hours, and 48 hours, respectively. In DU145 cells, the ratio of autophagy over apoptosis increased 1.3-, 1.9-, 1.8-, and 1.2-fold when PC-3 cells were treated with 5 μM PLB for 4 hours, 8 hours, 12 hours, and 24 hours, respectively ([Figure 7](#f7-dddt-9-1511){ref-type="fig"}).

Next, we evaluated the effect of induction or inhibition of autophagy on basal and PLB-induced apoptosis in PC-3 and DU145 cells. Treatment of PC-3 cells with 10 μM SB202190 (a selective p38 MAPK inhibitor and autophagy inducer) alone for 24 hours significantly induced apoptosis (6.3% vs 21.4%, *P*\<0.001) and 10 μM bafilomycin A1 slightly increased the percentage of apoptosis (9.4%), while incubation of the cells with 10 μM WM (a PI3K inhibitor and autophagy blocker), 20 μM Z-VAD(OMe)-FMK (a pan-caspase inhibitor), or 30 μM chloroquine (an autophagy inhibitor) for 24 hours had no significant effect on the apoptosis of PC-3 cells ([Figure 6A](#f6-dddt-9-1511){ref-type="fig"}). In addition, co-incubation with 10 μM SB202190 significantly increased PLB-induced apoptosis (10.8% vs 40.6%, *P*\<0.001; [Figure 6A](#f6-dddt-9-1511){ref-type="fig"}), whereas treatment of PC-3 cells with 10 μM WM, 30 μM chloroquine, 20 μM Z-VAD(OMe)-FMK, or 10 μM bafilomycin A1 only slightly altered PBL-induced apoptosis. In DU145 cells, treatment with 10 μM WM, 10 μM SB202190, 30 μM chloroquine, 20 μM Z-VAD(OMe)-FMK, or 10 μM bafilomycin A1 alone only slightly increased the apoptosis, while 10 μM WM, 10 μM SB202190, 10 μM bafilomycin A1, or 20 μM Z-VAD(OMe)-FMK significantly suppressed PLB-induced apoptosis. However, chloroquine at 30 μM only slightly decreased PLB-induced apoptosis ([Figure 6A](#f6-dddt-9-1511){ref-type="fig"}).

In PC-3 cells, pretreatment with 10 μM SB202190 or 30 μM chloroquine for 24 hours induced a 7.7- and 14.2-fold increase in basal autophagy compared to the control cells, respectively (*P*\<0.01; [Figure 6B and C](#f6-dddt-9-1511){ref-type="fig"}). Pretreatment with Z-VAD(OMe)-FMK (20 μM) or bafilomycin A1 (10 μM) only slightly decreased the autophagy. Preincubation with SB202190 at 10 μM increased PLB-induced autophagy 3.1-fold in PC-3 cells (*P*\<0.001; [Figure 6B and C](#f6-dddt-9-1511){ref-type="fig"}), while pretreatment with 20 μM Z-VAD(OMe)-FMK or 10 μM bafilomycin A1 significantly reduced PLB-induced autophagy (1.3% and 1.8%, respectively). Chloroquine significantly enhanced PLB-induced autophagy. Pretreatment with WM did not significantly change basal and PLB-induced autophagy in PC-3 cells. In DU145 cells, a similar effect of 10 μM SB202190 pretreatment on basal autophagy was observed (*P*\<0.001). Bafilomycin A1 at 10 μM diminished basal autophagy, but pretreatment with 30 μM chloroquine or 20 μM Z-VAD(OMe)-FMK did not affect basal autophagy. Notably, pretreatment with WM, chloroquine, Z-VAD(OMe)-FMK, or bafilomycin A1 significantly reduced PLB-induced autophagy in DU145 cells ([Figure 6B and C](#f6-dddt-9-1511){ref-type="fig"}). These findings demonstrate that modulation of p38 MAPK by SB202190 and PI3K by WM may alter PLB-induced autophagy and apoptosis in both PC-3 and DU145 cells with differential effects depending on the cell type. Both PC-3 and DU145 cells responded well to the autophagy inducer SB202190, while the autophagy blocker WM increased PLB-induced autophagy in PC-3 cells but suppressed it in DU145 cells.

Preincubation of PC-3 cells with 10 μM WM, 10 μM SB202190, or 30 μM chloroquine induced a 2.6-, 2.3-, and 18.0-fold increase in the ratio of autophagy over apoptosis compared to the control cells, respectively. In comparison to cells treated with 5 μM PLB alone, preincubation of PC-3 cells with 30 μM chloroquine increased the ratio of PLB-induced autophagy over apoptosis 7.6-fold, while pretreatment with WM resulted in a 2.4-fold increase in the ratio of autophagy over apoptosis, although there was no statistical significance. There was a slight change in the ratio of autophagy over apoptosis observed when PC-3 cells were pretreated with 20 μM Z-VAD(OMe)-FMK or 20 μM bafilomycin A1. In DU145 cells, pretreatment with 10 μM SB202190 increased the ratio of autophagy over apoptosis 9.1- and 2.1-fold compared to control cells and PLB-treated cells, respectively. There was no significant effect on basal or PLB-induced ratio of autophagy over apoptosis when treated with 30 μM chloroquine or 20 μM Z-VAD(OMe)-FMK. Of note, pretreatment with 10 μM bafilomycin A1 diminished the basal and PLB-induced ratio of autophagy over apoptosis ([Figure 6A, B and C](#f6-dddt-9-1511){ref-type="fig"}).

In addition, treatment of PC-3 cells with 10 μM WM, 10 μM SB202190, or 30 μM chloroquine alone for 24 hours increased the sum of apoptosis plus autophagy from 10.9% at basal level to 22.4%, 56.8%, and 24.4%, respectively ([Figure 6A, B and C](#f6-dddt-9-1511){ref-type="fig"}). In DU145 cells, the addition of 10 μM SB202190 increased the sum of apoptosis plus autophagy from 4.2% at basal level to 23.6%. There was no significant effect of 10 μM WM, 30 μM chloroquine, 20 μM Z-VAD(OMe)-FMK, and 10 μM bafilomycin A1 on the sum of autophagy plus apoptosis compared to the control cells ([Figure 6A, B and C](#f6-dddt-9-1511){ref-type="fig"}). In comparison to PC-3 cells pretreated with 20 μM 5 μM PLB alone, addition of 10 μM WM or 10 μM WM or SB202190 increased the sum of apoptosis plus autophagy from 19.0% to 25.6%, and 82.3%, respectively ([Figure 6A and B](#f6-dddt-9-1511){ref-type="fig"}). In DU145 cells, pretreatment with 10 μM WM decreased the sum of apoptosis plus autophagy compared to cells treated with 5 μM PLB alone (14.7% vs 8.1%), while pretreatment with SB202190 doubled it (14.7% vs 31.8%) ([Figure 6A and B](#f6-dddt-9-1511){ref-type="fig"}). Addition of 20 μM Z-VAD(OMe)-FMK or 10 μM bafilomycin A1 significantly reduced PLB-induced sum of apoptosis and autophagy ([Figure 6A and B](#f6-dddt-9-1511){ref-type="fig"}). These findings showed that modulation of p38 MAPK by SB202190 and PI3K by WM alters basal and PLB-induced ratio of apoptosis over autophagy and the sum of apoptosis and autophagy in both PC-3 and DU145 cells with differential effects depending on the cell type. Taken together, there are interactions between the apoptotic and autophagic pathways in PC-3 and DU145 cells subjected to PLB treatment.

Sirt1 plays a role in PLB-induced apoptosis and autophagy in PC-3 and DU145 Cells
---------------------------------------------------------------------------------

Sirt1 plays an important role in the regulation of cellular autophagy through two major mechanisms: Sirt1 could influence autophagy directly via its deacetylation of key components of the autophagy induction network, such as Atgs 5, 7, and 8; and nucleus-localized Sirt1 is also known to induce the expression of autophagy pathway components through the activation of FoxO transcription factor family members.[@b41-dddt-9-1511] Therefore, we speculated that PLB might regulate Sirt1 expression in PC-3 and DU145 cells, and examined the effect of PLB on the expression level of Sirt1 in both cell lines. As shown in [Figure 8A and B](#f8-dddt-9-1511){ref-type="fig"}, there was a concentration-dependent reduction in the expression of Sirt1 in PC-3 and DU145 cells. Incubation of PC-3 cells with PLB at 5 μM for 24 hours reduced the expression of Sirt1 by 32.4%; in DU145 cells, treatment with PLB at 0.1 μM, 1 μM, and 5 μM for 24 hours significantly suppressed the expression level of Sirt1 by 39.2%, 45.75%, and 57.1%, respectively ([Figure 8A and B](#f8-dddt-9-1511){ref-type="fig"}). The downregulation of Sirt1 by PLB may partially contribute to its autophagy-inducing effect.

Following the observation of the inhibitory effect of PLB on the expression of Sirt1 in PC-3 and DU145 cells, we tested the role of Sirt1 in the apoptosis- and autophagy-inducing effects of PLB on both cell lines using flow cytometry. Known inducer and inhibitor of Sirt1 were used. STL, an inhibitor of Sirt1, increased the percentage of apoptotic PC-3 cells by 1.7-fold compared to the control cells. SRT, an inducer of Sirt1, did not affect the basal apoptosis in PC-3 cells but decreased PLB-induced PC-3 cells' apoptosis by 36.4%; while STL did not affect PLB-induced apoptosis in PC-3 cells ([Figure 8C and D](#f8-dddt-9-1511){ref-type="fig"}). In DU145 cells, there was no effect of SRT and STL on basal apoptosis, but STL decreased PLB-induced apoptosis by 35.0% ([Figure 8C and D](#f8-dddt-9-1511){ref-type="fig"}). With regard to the involvement of Sirt1 in PLB-induced autophagy in both cells, we observed that SRT did not affect the basal autophagy in both cell lines but STL significantly increased the basal autophagy by 3.0- and 1.6-fold in PC-3 and DU145 cells, respectively ([Figure 8E and F](#f8-dddt-9-1511){ref-type="fig"}). Moreover, SRT remarkably attenuated the autophagy-inducing effect of PLB on PC-3 and DU145 cells by 63.3% and 56.5%, respectively. However, there was no significant effect of STL on PLB-induced autophagy in both cell lines ([Figure 8E and F](#f8-dddt-9-1511){ref-type="fig"}).

We further examined the role of Sirt1 in the autophagy-inducing effect of PLB on PC-3 and DU145 cells using confocal microscopy. STL remarkably increased basal autophagy in PC-3 and DU145 cells by 4.1- and 1.7-fold, respectively (*P*\<0.001; [Figure 8G and H](#f8-dddt-9-1511){ref-type="fig"}). STL only slightly decreased or increased PLB-induced autophagy in PC-3 and DU145 cells. Treatment of cells with SRT did not significantly affect basal autophagy in both cell lines. However, SRT almost abolished PLB-induced autophagy in PC-3 cells (*P*\<0.001; [Figure 8G and H](#f8-dddt-9-1511){ref-type="fig"}). SRT decreased the autophagy induced by PLB in DU145 cells by 30.6%. These results showed that inhibition of Sirt1 significantly enhanced basal autophagy but did not affect PLB-induced autophagic death in PC-3 and DU145 cells. In contrast, induction of Sirt1 suppressed PLB-induced autophagy but did not change the basal autophagy in PC-3 and DU145 cells. Sirt1 played a role in the regulation of autophagy, and upregulation of Sirt1 conferred resistance to PLB-induced autophagy in prostate cancer cells.

PBEF/visfatin plays a role in PLB-induced apoptosis and autophagy in PC-3 and DU145 cells
-----------------------------------------------------------------------------------------

PBEF/visfatin is involved in the catalysis of nicotinamide with 5-phosphoribosyl-1-pyrophosphate, yielding nicotinamide mononucleotide, which is important in NAD^+^ biosynthesis.[@b42-dddt-9-1511] This is a rate-limiting step in the NAD^+^ biosynthesis salvage pathway. NAD^+^ serves as a substrate for cellular enzymes, including poly(ADP-ribose) polymerase (PARP)-1 and Sirt1. Cancer cells and activated immune cells express high levels of PBEF/visfatin and are highly susceptible to PBEF/visfatin inhibitors.[@b42-dddt-9-1511] It has been reported that FK866 (Apo866, daporinad), a PBEF/visfatin inhibitor with a *K*~i~ of 0.4 nM, induces autophagy (but not apoptosis) in multiple myeloma cells.[@b43-dddt-9-1511]

Therefore, we examined the effects of PLB exposure on the expression level of PBEF/visfatin in both prostate cancer cell lines. In comparison to the control cells, the expression level of PBEF/visfatin was significantly suppressed by 27.7% and 33.8% by treatment of 1 μM and 5 μM PLB for 24 hours in PC-3 cells, respectively (*P*\<0.01; [Figure 9A and B](#f9-dddt-9-1511){ref-type="fig"}). In DU145 cells, 5 μM PLB significantly decreased the expression level of PBEF/visfatin by 19.1% compared to the control cells (*P*\<0.05; [Figure 9A and B](#f9-dddt-9-1511){ref-type="fig"}). We also examined the role of PBEF/visfatin in the apoptosis- and autophagy-inducing effect of PLB on PC-3 and DU145 cells using flow cytometry. Incubation of PC-3 cells with 25 nM of FK866 increased the basal apoptosis by 3.2-fold compared to the control cells, and FK866 significantly enhanced PLB-induced apoptosis in PC-3 cells with a 3.6-fold increase ([Figure 9C and D](#f9-dddt-9-1511){ref-type="fig"}). In DU145 cells, there was 2.0- and 4.2-fold increase in basal level and PLB-induced apoptosis when cells were treated with 25 nM FK866, respectively. Moreover, there was a 10.5- and 3.7-fold increase in PC-3 cells and 2.9- and 7.3-fold increase in DU145 cells in basal and PLB-induced autophagy, respectively, when treated with 25 nM FK866 ([Figure 9E and F](#f9-dddt-9-1511){ref-type="fig"}). These findings demonstrated that PLB downregulated PBEF/visfatin and thereby inhibited NAD^+^ biosynthesis, probably contributing to the autophagy-inducing activity of PLB in both PC-3 and DU145 cells.

Intracellular ROS generation plays a critical role in PLB-induced apoptosis and autophagy in PC-3 and DU145 cells
-----------------------------------------------------------------------------------------------------------------

To determine the effect of PLB on intracellular ROS production in PC-3 and DU145 cells, cells were treated with PLB at 0.1 μM, 1 μM, and 5 μM for 24 hours. In PC-3 cells, the intracellular level of ROS was significantly increased in a concentration-dependent manner ([Figure 10A](#f10-dddt-9-1511){ref-type="fig"}). There was a twofold increase in intracellular ROS level at 5 μM of PLB compared to the control PC-3 cells (*P*\<0.01). In DU145 cells, there was a significant increase in intracellular ROS production after PLB treatment at 0.1 μM, 1 μM, and 5 μM for 24 hours (*P*\<0.01; [Figure 10A](#f10-dddt-9-1511){ref-type="fig"}). In addition, co-incubation with 0.1 μM Apo, an NADPH oxidase inhibitor, significantly suppressed intracellular ROS production induced by PLB treatment in both PC-3 and DU145 cells (*P*\<0.05; [Figure 10B](#f10-dddt-9-1511){ref-type="fig"}). In separate experiments, the ROS-inducing effect of PLB on PC-3 and DU145 cells was examined from 0 to 72 hours. There was a time-dependent increase in intracellular ROS production with 5 μM PLB treatment in both cell lines ([Figure 10B](#f10-dddt-9-1511){ref-type="fig"}). Incubation of PC-3 cells with PLB for 12 hours, 24 hours, and 72 hours increased intracellular ROS level by 20.9%, 32.5% and 41.2%, respectively. In DU145 cells, 5 μM PLB resulted in 62.4%, 42.1%, 75.4%, 54.6%, 96.0%, 83.7%, and 95.0% increase for the treatment of 2 hours, 4 hours, 8 hours, 12 hours, 24 hours, 48 hours, and 72 hours ([Figure 10B](#f10-dddt-9-1511){ref-type="fig"}).

Since we observed the effect of PLB on intracellular ROS generation in PC-3 and DU145 cells, we next explored the role of ROS in apoptosis- and autophagy-inducing effect of PLB on both cell lines using flow cytometry. Incubation with 1 μM Apo or 100 μM NAC (an ROS scavenger) did not significantly affect basal apoptosis in both PC-3 and DU145 cells. Incubation with 1 μM Apo significantly suppressed PLB-induced apoptosis in PC-3 cells, and NAC only slightly brought down PLB-induced apoptosis, while both Apo and NAC significantly attenuated the pro-apoptotic effect of PLB in DU145 cells with a 48.8% and 42.3% reduction, respectively ([Figure 10C and D](#f10-dddt-9-1511){ref-type="fig"}). Moreover, treatment with Apo or NAC significantly reduced PLB-induced autophagy in both cell lines but without significant effect on basal autophagy ([Figure 10E and F](#f10-dddt-9-1511){ref-type="fig"}). In PC-3 cells, Apo and NAC decreased PLB-induced autophagy by 61.6% and 66.7%, respectively. In DU145 cells, treatment with Apo and NAC reduced PLB-induced autophagy by 34.6% and 49.7%, respectively ([Figure 10E and F](#f10-dddt-9-1511){ref-type="fig"}).

In addition, the effect of CDDO-Me on basal and PLB-induced apoptosis and autophagy in PC-3 and DU145 cells was investigated. CDDO is a synthetic oleanane triterpenoid and CDDO-Me is its C-28 methyl ester, and both act as Nrf2 activators and induce differentiation, growth inhibition, and apoptosis in various cancer cells and inhibit tumor growth in animal models.[@b44-dddt-9-1511]--[@b46-dddt-9-1511] Incubation with 0.5 μM CDDO-Me significantly increased the basal apoptotic and autophagic death of PC-3 and DU145 cells ([Figure 10G and H](#f10-dddt-9-1511){ref-type="fig"}). Moreover, treatment of PC-3 and DU145 cells with CDDO-Me significantly enhanced the pro-apoptotic and pro-autophagic activities of PLB ([Figure 10G and H](#f10-dddt-9-1511){ref-type="fig"}). These results indicated that PLB induced the generation of ROS in both PC-3 and DU145 cells and that the inducing effect of PLB on intracellular ROS generation could be ascribed, at least in part, to NADPH oxidase and PBEF/visfatin activity in PC-3 and DU145 cells.

Discussion
==========

Treatment of advanced prostate cancer remains a major challenge because of poor efficacy of current therapies and chemotherapy. There is an increased interest in seeking new, effective drugs for prostate cancer based on natural compounds. PLB has been found to exhibit anticancer activities in vitro and in vivo, which are attributed to its effects on multiple signaling pathways related to apoptosis, autophagy, and ROS generation.[@b13-dddt-9-1511]--[@b17-dddt-9-1511],[@b19-dddt-9-1511],[@b20-dddt-9-1511],[@b47-dddt-9-1511]--[@b49-dddt-9-1511] In this benchmarking study, we found that PLB promoted cell apoptosis and autophagy via PI3K/Akt/mTOR-mediated pathway and that Sirt1 was involved in the apoptosis- and autophagy-inducing effects of PLB in both PC-3 and DU145 cells.

Apoptosis is executed by members of the caspase family of cysteine proteases, which can be activated by two main pathways: the extrinsic death receptor pathway, and the intrinsic mitochondria/cytochrome c-mediated pathway.[@b9-dddt-9-1511],[@b28-dddt-9-1511] The two pathways are linked, and both trigger the activation of caspases 3, 6, and 7. In the death receptor pathway, binding of extracellular death ligands to members of the tumor necrosis factor and nerve growth factor receptor superfamily induces activation of caspase 8, which in turn activates caspases 3 and 7, resulting in further caspase activation events and finally cell death.[@b9-dddt-9-1511],[@b28-dddt-9-1511] The pro-apoptotic effect of PLB has been reported in various cancer cell lines from non-small-cell lung cancer (NSCLC), breast cancer, melanoma, and leukemia.[@b16-dddt-9-1511],[@b17-dddt-9-1511],[@b19-dddt-9-1511] In the present study, we observed a concentration-dependent apoptosis induced by PLB in PC-3 and DU145 cells. It is known that mitochondrial disruption and the subsequent release of cytochrome c initiates the process of apoptosis.[@b9-dddt-9-1511] The release of cytochrome c from the mitochondria was initiated by pro-apoptotic members of the Bcl-2 family but antagonized by anti-apoptotic members of this family. Ant-apoptotic members of Bcl-2 can be inhibited by posttranslational modification and/or by increased expression of PUMA, which is an essential regulator of p53-mediated cell apoptosis.[@b9-dddt-9-1511] In addition, the cytosolic cytochrome c released from mitochondria following an apoptotic stimulus serves as a main trigger of caspase enzyme activation.[@b9-dddt-9-1511] In our study, we found that the cytosolic level of cytochrome c was significantly increased after PLB treatment, which subsequently activated caspase 9. Activated caspase 9 in turn activated caspase 3. The activated caspase 3 ultimately induced apoptosis with a decrease in Bcl-2 level. Moreover, we noted a concentration-dependent increase in the expression of PUMA in PC-3 and DU145 cells. These results indicate that PLB induces mitochondria-dependent apoptosis in both PC-3 and DU145 cells with the involvement of p53. Of note, there was a discrepancy between the dose--response effect and time course of PLB on DU145 cells. This discrepancy may be ascribed, at least in part, to the different passages and batches of DU145 cells used for separate experiments. As shown in [Figure 2](#f2-dddt-9-1511){ref-type="fig"}, the basal level of apoptosis for the dose--response effect and time course was different. In the time-course experiments, the basal level was twofold more than that in the dose--response experiment. However, the statistical result did not show any significant difference between two different experiments.

Autophagy (also known as type II cell death) is a primary morphologically distinctive mode of programmed cell death, which is an important conserved catabolic process involving the engulfment and degradation of nonessential or abnormal cellular organelles and proteins in living cells.[@b10-dddt-9-1511],[@b11-dddt-9-1511] Autophagy has been known to promote cellular survival during nutrient depletion and is essential for maintaining cellular hemostasis by degrading damaged organelles and proteins.[@b10-dddt-9-1511],[@b11-dddt-9-1511],[@b50-dddt-9-1511] This complicated process is executed through a multistep intracellular membrane/vesicle reorganization to form double-membraned autophagosomes that fuse with lysosome to form autophagolysosomes, which in turn degrade the contents via acidic lysosomal hydrolases. The PI3K/Akt/mTOR signaling pathway is a central pathway promoting cell growth, motility, protein synthesis, survival, and metabolism in response to hormones, growth factors, and nutrients.[@b9-dddt-9-1511],[@b28-dddt-9-1511],[@b51-dddt-9-1511] PI3K activates the serine/threonine kinase Akt, which in turn through a cascade of regulators results in the phosphorylation and activation of the serine/threonine kinase mTOR.[@b51-dddt-9-1511] Targeting apoptosis and autophagy concurrently has emerged as a potential approach in prostate cancer treatment.[@b52-dddt-9-1511] In this study, PLB induced autophagy in both PC-3 and DU145 cells, which may contribute to its anticancer activity. In fact, previous studies have shown the autophagy-inducing effect of PLB in various cancer cell lines via the regulation of the PI3K/Akt/mTOR axis.[@b19-dddt-9-1511],[@b53-dddt-9-1511] Moreover, our previous study had revealed that PLB predominantly induced autophagy rather than apoptosis, through inhibition of PI3K/Akt/mTOR pathway in NSCLC cells.[@b19-dddt-9-1511] In the present study, we also observed that the autophagy-inducing effect of PLB overweighed the apoptosis-inducing effect of PLB. The inhibition of PI3K/Akt/mTOR contributes to the autophagy-inducing effect of PLB in PC-3 and DU145 cells. Although the role of autophagy in cancer is multifaceted, which can function as a tumor suppressor at early stage of tumor development, it can also be used by cancer cells as a cytoprotection mechanism to promote survival in established tumors.[@b10-dddt-9-1511],[@b11-dddt-9-1511]

AMPK, the master energy sensor, is an important regulator of cell death under various conditions, through activation JNK and p53 and inhibition of mTOR.[@b11-dddt-9-1511] In the present study, there was a significant activation of AMPK with PLB treatment, which may contribute to the inhibition of mTOR. Previous studies have demonstrated that a number of compounds including incristine, taxol, temozolomide, doxorubicin, ursolic acid, honokiol, quercetin, and fisetin can activate AMPK to promote cancer cell apoptosis and autophagy. ROS is known to activate AMPK. In our study, we observed a concentration-dependent increase in intracellular ROS generation, which may be a contributing factor to the activation of AMPK in PC-3 and DU145 cells. Furthermore, PLB significantly suppressed the phosphorylation of p38 MAPK. SB202190, a p38 MAPK inhibitor, remarkably increased the apoptotic and autophagic cell death. p38 MAPK is responsive to stress stimuli such as cytokines, ultraviolet irradiation, heat shock, and osmotic shock, and regulates cell differentiation, apoptosis, and autophagy.[@b9-dddt-9-1511],[@b11-dddt-9-1511] Moreover, it has been reported that p38 MAPK inhibitor-induced p38 MAPK inhibition is not sufficient for the autophagic response, indicating that other autophagy-related signaling pathways are regulated by the p38 MAPK inhibitor.[@b54-dddt-9-1511] Taken together, both AMPK and p38 MAPK may play an important role in PLB-induced prostate cancer cell autophagy.

It has been shown that PLB increased the intracellular level of ROS, contributing to the cell death observed in various cancer cell lines.[@b16-dddt-9-1511],[@b17-dddt-9-1511],[@b19-dddt-9-1511] In this study, we found a significant inducing effect of PLB on ROS generation in PC-3 and DU145 cells. However, the mechanism of how PLB induces ROS generation is unclear. The quinone core in PLB has the capability to transfer electrons in the mitochondria respiratory pathways.[@b13-dddt-9-1511] NADPH oxidase is the major intracellular enzymatic source of ROS, which can be a potential target of PLB. In the present study, we observed that pretreatment with Apo, an NADPH oxidase inhibitor, significantly suppressed PLB-induced intracellular ROS level in PC-3 and DU145 cells. This result suggests that PLB may upregulate NADPH oxidase activity or expression to exhibit its capability of inducing ROS generation. Moreover, we also examined the role of ROS in PLB-induced apoptosis and autophagy in PC-3 and DU145 cells. Our results showed that NAC (an ROS scavenger) and Apo attenuated the apoptosis- and autophagy-inducing effect of PLB on PC-3 and DU145 cells, which suggests that PLB-induced ROS generation contributed, at least partially, to the apoptotic and autophagic effect of PLB. In addition, the effect of CDDO-Me, a Nrf2 activator, on cell apoptosis and autophagy was examined. It has been reported that the ROS generation-inducing effect of CDDO-Me explains, at least in part, the potent growth inhibitory and pro-apoptotic activities in various cancer cells.[@b44-dddt-9-1511]--[@b46-dddt-9-1511] In the present study, we observed that the CDDO-Me significantly induced apoptosis and autophagy in both PC-3 and DU145 cells and enhanced PLB-induced apoptosis and autophagy in DU145 cells. Taken together, it indicates that ROS has an important role in PLB-induced apoptosis and autophagy in PC-3 and DU145 cells. However, further studies are needed to elucidate how PLB induces ROS generation and modulates redox homeostasis.

Sirt1 is an NAD^+^-dependent DNA repair enzyme originally discovered in yeast (Sir2), and is involved in a myriad of cellular processes.[@b12-dddt-9-1511] Recently, studies have shown that Sirt1 has an important role in the regulation of apoptosis and autophagy and that Sirt1 deacetylates both histone and non-histone proteins, such as p53 and FoxOs.[@b12-dddt-9-1511] Deacetylation of p53 and inhibition of p53-regulated cell death indicate Sirt1 is a negative regulator of p53.[@b12-dddt-9-1511] In the present study, the inducer of Sirt1, namely, SRT, abolished the autophagic effect of PLB in PC-3 and DU145, whereas the inhibitor of Sirt1, namely, STL, enhanced the autophagic effect of PLB in both cell lines. Sirt1 can affect autophagy via directly regulating the autophagy machinery, including deacetylation of Atg5, Atg7, and Atg8.[@b55-dddt-9-1511] Moreover, we found that PLB significantly decreased the expression level of Sirt1 and PBEF. PBEF, a rate limiting enzyme responsible for the NAD^+^ biosynthesis pathway, plays an essential role in the regulation of Sirt1 activation.[@b56-dddt-9-1511] Taken together, PLB-induced cell apoptosis and autophagy in prostate cancer cells may be via a Sirt1-mediated pathway.

The crosstalk between apoptosis and autophagy is very perplexing. It has been showed that autophagy has cytoprotective effect and negatively regulates apoptosis under physiological condition. On the contrary, apoptosis inhibits the process of autophagy. Mitochondria play an essential role in the process of apoptosis and autophagy. Mitochondrial dysfunction and loss of mitochondrial membrane potential lead to the release of pro-apoptotic molecules, which in turn initiate the process of apoptosis. However, autophagy can, to some extent, eliminate the dysfunctional mitochondria. In the present study, the crosstalk between apoptosis and autophagy was also tested. We used bafilomycin A1 (an autophagy inhibitor inhibiting fusion between autophagosomes and lysosomes), chloroquine (an autophagy inhibitor inhibiting endosomal acidification), SB202190 (a selective inhibitor of p38 MAPK used as an autophagy inducer), WM (a blocker of autophagosome formation), and Z-VAD(OMe)-FMK (an irreversible pan-caspase inhibitor) to examine the crosstalk between apoptosis and autophagy. The results showed similar regulatory effects of these chemical modulators on apoptosis and autophagy in PC-3 and DU145 cells.

Moreover, we have found that the PLB exerted both apoptosis- and autophagy-inducing effects in PC-3 and DU145 cells, with the former being less important. Inhibition or induction of autophagy inhibited PLB-induced apoptosis. We speculate that these two key processes of cell death initiated by PLB can be coordinated by some important molecules including ROS, Sirt1, p53, beclin 1, and Akt. PLB can induce apoptosis and autophagy in a coordinated manner. The two cell death pathways can interact at multiple levels and signaling pathways, eg, via PI3K/Akt/mTOR, p38 MAPK, AMPK, p53, and ROS-associated pathways, when cancer cells are exposed to PLB. From a standpoint of optimized cancer therapy, PLB can serve as a promising anticancer agent that targets both apoptosis and autophagy.

Our study has indicated that PLB downregulates the expression of PBEF/visfatin in PC-3 and DU145 cells. In mammals, NAD^+^ is replenished from nicotinamide, tryptophan, or nicotinic acid, with PBEF/visfatin being the rate-limiting enzyme in NAD^+^ synthesis from nicotinamide.[@b42-dddt-9-1511] The expression of this enzyme is upregulated in activated immune cells and often overexpressed in tumor cells, which show a significant dependence on NAD^+^ in rapid cell proliferation.[@b42-dddt-9-1511] FK866, a specific chemical inhibitor of PBEF/visfatin, exhibits a broad antitumor activity both in vitro and in vivo against cell lines derived from several tumors.[@b57-dddt-9-1511] In the present study, we found that inhibition of PBEF/visfatin by FK866 dramatically increased the apoptosis and autophagy in PC-3 and DU145 cells. Furthermore, the inhibition of PBEF/visfatin by FK866 significantly enhanced PLB-induced apoptosis and autophagy in both cell lines. Taken together, PLB appears to suppress this enzyme and thus reduce the biosynthesis of NAD^+^, contributing to PLB-induced cell death.

In summary, we dissected the potential molecular mechanisms of PLB for its anticancer effect in human prostate cancer PC-3 and DU145 cells. The action of PLB was mainly related to ROS generation, mitochondria function, apoptosis, and autophagy and their associated signaling pathways. PLB increased the intracellular level of ROS, activated mitochondria-dependent apoptotic pathway, and induced autophagy in PC-3 and DU145 cells. PLB induced the inhibition of PI3K/Akt/mTOR and p38 MAPK signaling pathways and activation of AMPK, contributing to the autophagy-inducing activities of PLB. Modulation of autophagy altered basal and PLB-induced apoptosis in both cell lines. PLB also downregulated PBEF/visfatin, and inhibition of PBEF/visfatin significantly enhanced basal and PLB-induced apoptosis and autophagy in both cell lines. Moreover, reduction of intracellular ROS level attenuated the apoptosis- and autophagy-inducing effects of PLB on both PC-3 and DU145 cells. PLB may represent a new anticancer drug that can kill prostate cancer cells ([Figure 11](#f11-dddt-9-1511){ref-type="fig"}). More studies are needed to reveal the underlying mechanisms and other potential targets of PLB in the treatment of prostate cancer.
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![The chemical structure and cytotoxicity of PLB toward PC-3 and DU145 cells.\
**Notes:** (**A**) The chemical structure of PLB. (**B**) PC-3 and DU145 cells treated with PLB at concentration ranging from 0.1 μM to 20 μM for 24 hr and 48 hr, respectively. The cell viability was determined by the MTT assay.\
**Abbreviations:** hr, hour; IC~50~, half maximal inhibitory concentration; MTT, thiazolyl blue tetrazolium bromide; PLB, plumbagin.](dddt-9-1511Fig1){#f1-dddt-9-1511}

###### 

PLB-induced apoptotic cell death and altered expression levels of pro- and anti-apoptotic proteins in PC-3 and DU145 cells.

**Notes:** Flow cytometric plots (**A**) and percentage bar graphs (**B**) of specific cell populations (live, early apoptosis, and late apoptosis) in PC-3 and DU145 cells treated with PLB at 0.1 μM, 1 μM, and 5 μM for 24 hours. Flow cytometric plots (**C**) and percentage bar graphs (**D**) of specific cell populations (live, early apoptosis, and late apoptosis) in PC-3 and DU145 cells treated with 5 μM PLB over 48 hours. (**E**) Effect of PLB treatment on the expression levels of Bcl-xl, Bax, Bcl-2, PUMA, cytochrome c, cleaved caspase 3, and cleaved caspase 9 in PC-3 and DU145 cells determined using Western blotting assays. (**F**) Bar graphs showing the relative levels of Bcl-xl, Bax, Bcl-2, PUMA, cytochrome c, cleaved caspase 3, cleaved caspase 9, and the ratio of Bcl-2/Bax in PC-3 and DU145 cells. β-actin was used as the internal control. Data are the mean ± SD of three independent experiments. \**P*\<0.05; \*\**P*\<0.01; and \*\*\**P*\<0.001 by one-way ANOVA.

**Abbreviations:** 7-AAD, 7-aminoactinomycin D; ANOVA, analysis of variance; Bax, Bcl-2-associated X protein; Bcl-xl, B-cell lymphoma-extra-large; PLB, plumbagin; PUMA, p53 upregulated modulator of apoptosis; SD, standard deviation; PE, phycoerythrin.
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![Effects of PLB treatment on the apoptosis of PC-3 and DU145 cells.\
**Notes:** (**A**) Effect of PLB concentration on the apoptosis of PC-3 and DU145 cells treated with PLB at 0.1 μM, 1 μM, and 5 μM for 24 hours. (**B**) Effect of PLB treatment time on the apoptosis of PC-3 and DU145 cells treated with 5 μM over 48 hours. Cells were double stained with annexin V:PE and 7-AAD and subjected to flow cytometric analysis that collected 10,000 events. Data are the mean ± SD of three independent experiments.\
**Abbreviations:** ANOVA, analysis of variance; PLB, plumbagin; Q1, necrotic cells; SD, standard deviation.](dddt-9-1511Fig3){#f3-dddt-9-1511}

###### 

PLB-induced autophagic cell death in PC-3 and DU145 cells.

**Notes:** Flow cytometric plots (**A**) and bar graphs (**B**) showing the percentage of autophagic PC-3 and DU145 cells treated with PLB at 0.1 μM, 1 μM, and 5 μM for 24 hours. Flow cytometric plots (**C**) and bar graphs (**D**) showing the percentage of autophagic cells in PC-3 and DU145 cells treated with PLB at 5 μM over 48 hours. (**E**) Confocal microscopic images showing autophagy in PC-3 and DU145 cells treated with PLB at 0.1 μM, 1 μM, and 5 μM for 24 hours (stained in green). The level of autophagy was evaluated using the autophagic vacuole-specific green fluorescent dye, Cyo-ID^®^. (**F**) Confocal microscopic images showing autophagy in PC-3 and DU145 cells treated with PLB at 5 μM over 48 hours (stained in green). (**G**) Bar graphs showing the percentage of autophagic PC-3 and DU145 cells treated with PLB at 0.1 μM, 1 μM, and 5 μM for 24 hours or PLB at 5 μM for 48 hours. Data represent the mean ± SD of three independent experiments. \**P*\<0.05; \*\**P*\<0.01; and \*\*\**P*\<0.001 by one-way ANOVA.

**Abbreviations:** ANOVA, analysis of variance; PLB, plumbagin; SD, standard deviation.
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###### 

Effect of PLB on the expression level of molecule targets in autophagy signaling pathway.

**Notes:** The phosphorylation levels of PI3K, AMPK, p38 MAPK, and Akt, and the total levels of mTOR, PTEN, beclin 1, LC3-I, and LC3-II in PC-3 and DU145 cells were determined by Western blotting assay. β-actin was used as the internal control. (**A**) Representative blots showing the phosphorylation levels of PI3K, AMPK, p38 MAPK, and Akt, and the total levels of mTOR, PTEN, beclin 1, LC3-I, and LC3-II in PC-3 and DU145 cells treated with PLB at 0.1 μM, 1 μM, and 5 μM for 24 hours. (**B**) Bar graphs showing the phosphorylation levels of PI3K, AMPK, p38 MAPK, and Akt, and the total levels of mTOR, PTEN, beclin 1, LC3-I, and LC3-II in PC-3 and DU145 cells. Data represent the mean ± SD of three independent experiments. \**P*\<0.05; \*\**P*\<0.01; and \*\*\**P*\<0.001 by one-way ANOVA.

**Abbreviations:** AMPK, 5′-AMP-dependent kinase; ANOVA, analysis of variance; hr, hour; LC3, microtubule-associated protein 1A/1B-light chain 3; mTOR, mammalian target of rapamycin; p38 MAPK, p38 mitogen-activated protein kinase; PI3K, phosphatidylinositide 3-kinase; PLB, plumbagin; PTEN, phosphatase and tensin homolog; SD, standard deviation.
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###### 

Effect of a series of inducers and inhibitors on the apoptosis and autophagy induced by PLB in PC-3 and DU145 cells.

**Notes:** (**A**) Plots from flow cytometry showing the effects of various compounds on basal and PLB-induced apoptosis in PC-3 and DU145 cells. (**B**) Plots from flow cytometry showing the effects of the compounds on basal and PLB-induced autophagy in PC-3 and DU145 cells. (**C**) Bar graphs showing the effects of various compounds on the apoptosis and autophagy in PC-3 and DU145 cells. The cells were pretreated with each of the compounds for 1 hour, and PLB was added and incubated for a further 24 hours. To detect cellular apoptosis, annexin V:PE and 7-AAD were used for double staining after the cells were treated with PLB. The autophagy was detected using the Cyto-ID^®^ green fluorescent dye to stain autophagy-associated vacuoles. Data are the mean ± SD of three independent experiments. \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001 by one-way ANOVA.

**Abbreviations:** ANOVA, analysis of variance; DMSO, dimethylsulfoxide; PLB, plumbagin; SD, standard deviation; WM, wortmannin; 7-AAD, 7-aminoactinomycin D; PE, phycoerythrin.
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![Crosstalk between apoptosis and autophagy in PC-3 and DU145 cells.\
**Notes:** Cells were treated with PLB or in combination with 10 μM SB202190 or 10 μM WM for 24 hours. Apoptosis and autophagy were determined using a flow cytometer. The ratio of apoptosis over autophagy and sum of apoptosis plus autophagy were calculated. Data are the mean ± SD of three independent experiments. \**P*\<0.05; \*\**P*\<0.01; and \*\*\**P*\<0.001 by one-way ANOVA.\
**Abbreviations:** ANOVA, analysis of variance; PLB, plumbagin; SD, standard deviation; WM, wortmannin.](dddt-9-1511Fig7){#f7-dddt-9-1511}
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Sirt1 plays a role in PLB-induced apoptosis and autophagy in PC-3 and DU145 cells.

**Notes:** (**A**) PLB downregulating Sirt1 in PC-3 and DU145 cells as shown by Western blotting assay. Cells were treated with PLB at 0.1 μM, 1 μM, or 5 μM for 24 hours. (**B**) The bar graph shows the relative expression level of Sirt1 in PC-3 and DU145 cells. (**C**) Effects of the Sirt1 inducer SRT (1 μM) and inhibitor STL (25 μM) on PLB-induced apoptosis in PC-3 and DU145 cells. : (**D**) Bar graphs showing the effects of the Sirt1 inducer SRT (1 μM) and inhibitor STL (25 μM) on PLB-induced apoptosis in PC-3 and DU145 cells. (**E**) Representative flow cytometric dot plots showing the effects of the Sirt1 inducer SRT (1 μM) and inhibitor STL (25 μM) on PLB-induced autophagy in PC-3 and DU145 cells. (**F**) Bar graphs showing the effects of the Sirt1 inducer SRT (1 μM) and inhibitor STL(25 μM) on PLB-induced autophagy in PC-3 and DU145 cells. (**G**) Effects of the Sirt1 inducer SRT (1 μM) and inhibitor STL (25 μM) on PLB-induced autophagy in PC-3 and DU145 cells as shown in confocal microscopic images (**G**) and bar graphs (**H**) using the autophagy-associated vacuole-specific fluorescence dye, Cyto-ID^®^. Data are the mean ± SD of three independent experiments. \**P*\<0.05; \*\**P*\<0.01; and \*\*\**P*\<0.001 by one-way ANOVA.

**Abbreviations:** ANOVA, analysis of variance; DMSO, dimethylsulfoxide; PLB, plumbagin; STL, sirtinol; SD, standard deviation; WM, wortmannin; 7-AAD, 7-aminoactinomycin D; PE, phycoerythrin.
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###### 

PBEF/visfatin plays a role in PLB-induced apoptosis and autophagy in PC-3 and DU145 cells.

**Notes:** (**A**) PLB downregulating PBEF in PC-3 and DU145 cells as shown by Western blotting assay. Cells were treated with PLB at 0.1 μM, 1 μM, or 5 μM for 24 hours. (**B**) The bar graphs showing the relative expression level of PBEF in PC-3 and DU145 cells. (**C** and **D**) Effects of the PBEF inhibitor FK866 on PLB-induced apoptosis in PC-3 and DU145 cells. (**E**) Effects of the PBEF inhibitor FK866 on PLB-induced autophagy in PC-3 and DU145 cells as shown in flow cytometric histograms. (**F**) Bar graphs showing the effects of the PBEF inhibitor FK866 on PLB-induced autophagy in PC-3 and DU145 cells. Data are presented as the mean ± SD of three independent experiments. \**P*\<0.05; \*\**P*\<0.01; and \*\*\**P*\<0.001 by one-way ANOVA.

**Abbreviations:** ANOVA, analysis of variance; DMSO, dimethylsulfoxide; PBEF, pre-B cell colony-enhancing factor; PLB, plumbagin; SD, standard deviation; 7-AAD, 7-aminoactinomycin D; PE, phycoerythrin.
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###### 

ROS plays a role in PLB-induced apoptosis and autophagy in PC-3 and DU145 cells.

**Notes:** (**A**) PLB stimulating the generation of ROS in PC-3 and DU145 cells. Cells were treated with PLB at 0.1 μM, 1 μM, or 5 μM for 24 hours. The bar graphs showing the intracellular level of ROS in PC-3 and DU145 cells. (**B**) Bar graphs showing the time course of PLB-induced generation of intracellular ROS in PC-3 and DU145 cells. (**C**) Effects of Apo and NAC on basal and PLB-induced apoptosis in PC-3 and DU145 cells. (**D**) Bar graphs showing the effects of Apo and NAC on basal and PLB-induced apoptosis in PC-3 and DU145 cells. (**E**) Representative flow cytometric dot plots showing the effects of Apo and NAC on basal and PLB-induced autophagy in PC-3 and DU145 cells. (**F**) Bar graphs showing the effects of Apo and NAC on basal and PLB-induced autophagy in PC-3 and DU145 cells determined by flow cytometry. (**G**) Representative flow cytometric dot plots showing the effects of CDDO-Me on basal and PLB-induced apoptosis in PC-3 and DU145 cells. (**H**) Bar graphs showing the effects of CDDO-Me on basal and PBL-induced apoptosis in PC-3 and DU145 cells. (**I**) Representative flow cytometric dot plots showing the effects of CDDO-Me on basal and PLB-induced autophagy in PC-3 and DU145 cells. (**J**) Bar graphs showing the effects of CDDO-Me on basal and PLB-induced autophagy in PC-3 and DU145 cells. Data are the mean ± SD of three independent experiments. \**P*\<0.05; \*\**P*\<0.01; and \*\*\**P*\<0.001 by one-way ANOVA.

**Abbreviations:** ANOVA, analysis of variance; Apo, apocynin; DMSO, dimethylsulfoxide; NAC, *N*-acetyl-L-cysteine; PLB, plumbagin; ROS, reactive oxygen species; SD, standard deviation; 7-AAD, 7-aminoactinomycin D; PE, phycoerythrin.

![](dddt-9-1511Fig10)

![](dddt-9-1511Fig10a)

![](dddt-9-1511Fig10b)

![](dddt-9-1511Fig10c)

![](dddt-9-1511Fig10d)

![Proposed mechanisms of action of PLB in killing prostate cancer cells.\
**Notes:** PLB induces apoptosis and autophagy involving p38 MAPK, PI3K/Akt/mTOR, AMPK, PBEF/visfatin, and Sirt1. There is crosstalk among the pathways involving many of these critical signaling proteins.\
**Abbreviations:** AMPK, 5′-AMP-dependent kinase; Bax, Bcl-2-associated X protein; LC3, light chain 3; mTOR, mammalian target of rapamycin; p38 MAPK, p38 mitogen-activated protein kinase; PBEF, pre-B cell colony-enhancing factor; PI3K, phosphatidylinositide 3-kinase; PLB, plumbagin; PUMA, p53 upregulated modulator of apoptosis; Sirt1, sirtuin 1.](dddt-9-1511Fig11){#f11-dddt-9-1511}
